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Abstract

Introduction: To apply doxorubicin-loaded nanoparticle microbubble (Dox-NP-MB) therapy 

in an orthotopic rat model of hepatocellular carcinoma (HCC) and investigate the utility of 

contrast-enhanced ultrasound (CEUS) and intravoxel incoherent motion diffusion-weighted 

magnetic resonance imaging (IVIM-DWI) in response evaluation.

Materials and methods: Twenty-eight N1S1 HCC model rats were treated with either Dox-

NP-MB (Group [G] 1 [n=8]); doxorubicin (Dox) alone (G2, [n=7]); nanoparticle 

microbubbles (NP-MB) alone (G3, [n=7]; or saline (G4, control, [n=6]) on days 0 and 7 with 

sacrifice on day 11. IVIM-DWI and CEUS were performed before each treatment and before 

euthanasia. Efficacy was estimated by the percentage of tumor volume growth inhibition 

compared with control. Toxicity was assessed by body weight changes and blood tests. Post-

treatment changes in IVIM-DWI and CEUS parameters were analyzed.

Results: Tumor volume growth was inhibited by 48.4% and 90.2% in G1 and G2 compared 

to G4, respectively. Compared to G2, G1 had a significantly lower degree of body weight 

change (median, 91.0% [interquartile range, 88.5–97.0] vs. 88.0% [82.5–88.8], p <0.05),

leukopenia (1.75 × 103 cells/uL [1.53–2.77] vs. 1.20 × 103 cells/uL [0.89–1.51], p <0.05), and 

hypoproteinemia (5.00 g/dL [4.90–5.40] vs. 4.60 g/dL [4.60–4.75], p<0.05). After the first 

treatment, an increase in peak enhancement, wash-in rate, and wash-in perfusion index on 

CEUS was observed in G3 and G4 but suppressed in G1 and G2; apparent diffusion 

coefficients, true diffusion coefficients, and perfusion fractions significantly increased in G1 

and G2 compared to baseline (p <0.05).

Conclusion: Dox-NP-MB showed reduced Dox toxicity. Early changes in some CEUS and 

IVIM-DWI parameters correlated with therapeutic response.
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Introduction

Theranostic medicine, which has the dual capacity for both diagnosis and therapy, 

has emerged as a novel concept for detecting and treating various cancers [1,2]. Ultrasound is 

a promising modality of theranostics because it can potentially enhance local drug penetration 

through pore formation in the cell membrane, known as sonoporation effect [3,4]. When 

ultrasound microbubbles are exposed to sufficient ultrasound intensity, they repetitively 

expand, shrink, induce microstream in the blood vessel and continuously stress the cell 

membranes. Upon extreme oscillations, they finally explode at the critical elastic point. At the 

moment of explosion, microjets and shock waves are generated to create openings on cell 

membranes and the permeability of the capillary wall is increased [5]. Therefore, by 

sonicating drug-loaded microbubbles, drug transport can be enhanced across the natural 

barriers, such as cellular membranes or vessel walls [6]. In the process, B-mode and contrast-

enhanced ultrasound (CEUS) examination can be performed to obtain information useful in 

diagnosis or treatment response evaluation of the tumor.

CEUS is recommended as a quantitative tool to assess response to targeted therapies 

for malignant hepatic tumors as per the Guidelines and Good Clinical Practice 

Recommendations for CEUS in the Liver by the European Federation of Societies for 

Ultrasound in Medicine and Biology (EFSUMB) [7]. Using the time-intensity curve (TIC), 

amplitude parameters of the TIC, including peak enhancement (PE) and wash-in rate (WiR), 

and temporal parameters, for example, time-to-peak (TTP), are analyzed to assess blood 

volume or flow of the lesion. Studies showed that quantitative CEUS parameter analysis 

allowed early prediction of antiangiogenic treatment response in patients with hepatocellular 

carcinomas (HCCs) and other various tumors [8-13].

However, there are limitations in CEUS shared with ultrasound in general [14,15]: 

decreased penetration in patients with large habitus or fibro-fatty liver; limited visualization 
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of deep small lesions or those in the hepatic dome; sonic window limited by intervening 

bowel gas or overlying bones; and teaching and training being required to achieve a sufficient

diagnostic quality. Besides, in CEUS, multiple contrast agent injections are needed to 

investigate different lesions in the same liver [14,15].

Therefore, we supposed intravoxel incoherent motion diffusion-weighted MRI 

(IVIM-DWI) could be a supplementary or alternative perfusion imaging modality in cases 

where CEUS could not be performed to the level of sufficient quality due to various reasons.

In the present study, we applied doxorubicin-nanoparticle-microbubble (Dox-NP-MB) 

therapy in an orthotopic rat model of HCC and investigated the utility of CEUS and IVIM-

DWI in response evaluation.
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Materials and Methods

Seoul National University College of Medicine Institutional Animal Care and Use 

Committee approved this study (IACUC No. 16-0097-S1AO [4]).

N1-S1 tumor cell line preparation

N1-S1 (CRL-1604; ATCC, Manassas, VA, USA) rat tumor cell lines were obtained 

and cultured in RPMI-1640 (WelGENE, Daegu, Republic of Korea). The media were 

supplemented with 10% fetal bovine serum (WelGENE, Daegu, Republic of Korea) and a 1% 

penicillin/streptomycin mixture (Gibco, Grand Island, NY, USA). Cell viability was tested 

with trypan blue staining, which confirmed a > 90% cell viability before tumor implantation 

procedures.

Orthotopic HCC Rat Model using N1-S1 Cell Lines 

After anesthetizing each male ~300-g Sprague-Dawley rat, we gently injected 2.5 × 

106 N1-S1 cells in 25 uL of the medium under the hepatic capsule according to the 

established protocol of the tumor model [16]. To prevent spontaneous regression of N1-S1 

HCCs, cyclosporine A (10 mg/kg/day; Chong Kun Dang Pharmaceutical Corp.) was 

subcutaneously administered starting one day before N1-S1 injection and continuing for four

days after injection [17]. On the tenth day after injection, tumor growth was evaluated by 

scanning with a 3.0-Tesla MR scanner (Magnetom Trio; Siemens Healthineers, Erlangen, 

Germany). After confirming a tumor diameter of 7 mm or greater, rats were enrolled in the 

experimental protocol.

Dox-NP-MB preparation

Human serum albumin, 8% glutaraldehyde, and 99% ethanol were purchased from 
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Sigma-Aldrich (St. Louis, USA). Doxorubicin hydrochloride was obtained from Il-dong 

Pharmaceutics (Seoul, Republic of Korea). 1,2-distearoyl-sn-glycero-3-phosphocholine 

(DSPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [succinyl (polyethylene 

glycol)-2000] (DSPE-PEG2k-NHS) were purchased from NOF Corporation (Tokyo, Japan). 

Dox-NP-MB was fabricated by conjugation of doxorubicin-nanoparticles (Dox-NP) onto the 

surface of microbubbles. 

First, Dox-NPs were synthesized by the desolvation method. Human serum albumin 

was dissolved in distilled water at a concentration of 30 mg/mL. The pH of the human serum 

albumin solution was adjusted to 8.5 using sodium hydroxide (NaOH, 0.01 M). After pH 

adjustment, ethanol was instilled dropwise for desolvation of human serum albumin until the 

solution was turbid. Next, 300 µl of 8% glutaraldehyde was added for cross-linking of human 

serum albumin. After overnight stirring, human serum albumin nanoparticles were purified 

by centrifugation at 15000 rpm for 10 min. Purification was performed using phosphate-

buffered saline (pH 7.4, 0.01 M) three times. Finally, doxorubicin was absorbed into human 

serum albumin nanoparticles at a ratio of 1:10 (w/w). 

Microbubbles were synthesized using DSPC and DSPE-PEG2k-NHS at a molar ratio 

of 9:1 (DSPC:DSPE-PEG2k-NHS). Two kinds of phospholipids were dissolved in 

chloroform, and the chloroform was then fully evaporated from the phospholipid bilayer. The 

phospholipid bilayer was then hydrated at a phase transition temperature of 55ºC. 1 mg/mL of 

phospholipid solution (1 mL) was added to a 2-mL vial, and the headspace of the vial was 

filled with sulfur hexafluoride (SF6) gas. Finally, microbubbles were fabricated by agitation 

for 45 s using a VialmixTM (Lantheus Medical Imaging, Billerica, MA, USA). 

Dox-NPs and microbubbles were immediately conjugated by the addition of Dox-

NPs for 1 hour. The loading efficiency of doxorubicin was analyzed using high performance 

liquid chromatography (Agilent, Waldbronn, Germany). The size distributions of Dox-NPs,
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microbubbles, and Dox-NP-MBs were measured using the dynamic light-scattering method.

Characteristics of Dox-NP and Dox-NP-MB

Size distribution of the Dox-NPs analyzed by dynamic light scattering (Zetasizer 

Nano, Malvern, Malvern Instruments, Herrenberg, Germany) was 287.5 ± 70.3 nm. 

Concentration of doxorubicin in in vitro release experiment was 1mg/mL. The size 

distribution of the free microbubble and Dox-NP-MBs were 1096.2 ± 399.5 nm and 1234.0 ± 

507.2 nm, respectively.

(A)

(B)
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(C)

(D)

(E)

Figure 1. Characteristics of Dox-NPs and Dox-NP-MBs.

(A) Images of Dox-NPs obtained by atomic force microscopy.
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(B) Size distribution of Dox-NPs.

(C) Concentration of Dox in in vitro release experiment.

(D) Size distribution of free microbubbles.

(E) Size distribution of Dox-NP-MBs.

Experimental protocols and Dox-NP-MB delivery

Twenty-eight N1-S1 model rats were randomly divided into four groups, including 

Group (G) 1 treated with Dox-NP-MB; G2 with doxorubicin (Dox); G3 with NP-MB; and G4 

with saline as a control. After achieving anesthesia, ultrasound was performed to identify the 

tumors. For G1 and G2, a single dose of each agent containing 5 mg of Dox per kilogram of 

body weight was injected into the rats’ tail vein on days 0 and 7 [18]. For G1, immediately 

after administrating Dox-NP-MB into the rats’ tail vein, sonication of Dox-NP-MB was 

performed at a mechanical index of 1.2 [19] using a continuous up-and-down sweeping of the

convex transducer over the rat liver visualizing the tumor for 15 minutes. For G3, a 1.5-mL 

solution of NP-MBs unloaded with Dox was injected into the tail vein on days 0 and 7. For 

G4, 1.5-mL of saline was injected into the tail vein on days 0 and 7. Figure 2 illustrates Dox-

NP-MB structure, procedure of Dox-NP-MB administration, and our experimental design.
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(A) 

(B)
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(C)

Figure 2. Schematic illustrations of (A) the Dox-NP-MB, (B) procedure of Dox-NP-MB 

administration, and (C) flow chart summarizing the experimental design.

CEUS = contrast-enhanced ultrasound; Dox = doxorubicin; Dox-NP-MB = doxorubicin-

nanoparticle-microbubble; iv = intravenous; NP-MB = nanoparticle-microbubble.

B-mode and CEUS scan parameter optimization

Pilot B-mode and CEUS examinations of the rat livers were done to determine the 

optimal scan parameters. Comparing the GE 9L-D Linear Transducer (2D wide band linear 

transducer, 2–8 MHz) and ML6-15-D Matrix Linear Transducer (wide band linear transducer 

with active matrix array technology, 4–15 MHz), the former was chosen because it showed 

better contrast sensitivity. The focus was positioned at 1.7 cm, just deep to the tumors in the 

rat livers [20]. The depth was set to be 3.0 cm to include the rat liver in the field of view.

Contrast dose was optimized to the level where the enhanced rat liver parenchyma was bright 

enough but posterior acoustic attenuation artifacts did not appear [15,21] (Fig 3).
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(A)

(B)

Figure 3. Optimization of the contrast dose.

(A) Posterior acoustic attenuation (arrows) was seen in the rat liver parenchyma in the higher 

contrast dose. 

(B) When the contrast dose was decreased to the optimal level, posterior acoustic attenuation 

was no longer seen while the contrast signal enhancing the liver parenchyma was adequate.

Performing B-mode and contrast-enhanced ultrasound

After achieving anesthesia, one radiologist (H.K.Y.) performed B-mode scanning and

CEUS at baseline and after the first and second treatments. A 0.3 mL solution of sulfur

hexafluoride-filled MB (SonoVue; Bracco, Milan, Italy) was injected into the tail vein,

followed by 0.5 mL of a normal saline flush [22]. CEUS images were acquired using a GE 

9L-D Linear Transducer (2–8 MHz) with the following parameters: dynamic range, 66;

mechanical index, 0.11; gain, 22; and depth, 3 cm, equipped in an ultrasound scanner (Logiq 

E9; GE Healthcare, Chicago, IL, USA). All examinations were consistently performed using 

the preceding settings to ensure reproducibility.
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CEUS and perfusion parameter acquisition

One radiologist (H.K.Y.) obtained perfusion parameter values using dedicated 

VueBox® software (Bracco Suisse SA, Geneva, Switzerland) by manually drawing a region 

of interest (ROI) along the margin of each tumor at a selected frame. ROIs were then 

automatically positioned throughout the rest of the images. In cases where the tumor had 

moved within the frame due to rat respiratory motion, these particular frames’ ROIs were 

automatically corrected. The degree of contrast enhancement within the ROI was 

quantitatively analyzed as relative echo-power values proportional to microbubble

concentrations and expressed in arbitrary units (a.u.) [23,24]. From the TIC of the ROI, PE, 

wash-in area under the curve (WiAUC), rising time (RT), mean transit time local (mTTl),

TTP, WiR, and wash-in perfusion index (WiPI = WiAUC/RT) were obtained.

MR image acquisition and analysis

All MR examinations were performed with a 3.0-T MR imaging system (Magnetom 

Trio; Siemens Healthineers, Erlangen, Germany) with a six-channel rat-body coil and animals 

in the prone position. After anesthesia was induced, unenhanced T1-weighted volumetric 

interpolated breath-hold examination (VIBE) images, coronal T2-weighted turbo spin-echo 

images, and transverse T2-weighted turbo spin-echo images were acquired. Subsequently,

intravoxel incoherent motion diffusion-weighted magnetic resonance imaging (IVIM-DWI)

of 25 sections with eight b values (0, 10, 20, 50, 100, 200, 400, and 800 sec/mm2) was 

performed by using a free-breathing single-shot echo-planar pulse sequence prototype with 

diffusion gradients applied in three diffusion gradients in three orthogonal directions. The 

acquisition time of IVIM-DWI for each study was 13 minutes 21 seconds. The spectral 

selection attenuated inversion technique was used for fat suppression. The parameters of each 

sequence are summarized in Table 1.
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Table 1. MR Imaging Parameters

Sequence Matrix

Section 

Thickness 

(mm)

Repetition 

Time 

(msec)/Echo 

Time (msec)

Flip Angle 

(degrees)

Field of 

View 

(read × 

phase, 

mm)

No. of 

Signals 

Acquired

Unenhanced 

T1-weighted 

VIBE

192 × 192 5 5.49/2.77 11 96 × 96 1

Coronal T2-

weighted 

TSE

256 × 218 2 6960/77 140 100 × 75 6

Transverse 

T2-weighted 

TSE

256 × 218 2 6960/77 140 100 × 75 6

DW SSSE 

EP imaging
96 × 96 2 3000/69

90 

(excitation), 

180 

(refocusing)

96 × 96 12

Note.—3D = three-dimensional; EP = echo planar; SSSE = single-shot spin echo; TSE = turbo 

spin echo; VIBE = volumetric interpolated breath-hold examination. 

One radiologist (H.K.Y.) measured tumor size in three dimensions using

unenhanced T1-weighted volumetric interpolated breath-hold examination (VIBE) images. 

Tumor volume was estimated as 0.5 × length × width × height. Values for apparent diffusion 
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coefficient (ADC), true diffusion coefficient (D), pseudodiffusion coefficient (D*), and 

perfusion fraction (PF) were obtained within the manually drawn ROI on the largest cross-

section of the tumor (Fig. 4). To assess the reproducibility of IVIM-DWI parameters, total 

seven subjects were randomly chosen and scanned twice on the same day. Repeated scanning 

was limited for those seven subjects since it was expected to give additional stress to the 

animals and required more time. For the rats which underwent repeated scanning, the data 

from the first scan were used in the analysis regarding the early treatment changes of IVIM-

DWI parameters so that the data from all the animals were obtained in the equal condition.

Figure 4. Representative MR images of a rat with orthotopic N1-S1 tumor and 

measurement of IVIM-DWI parameters.

Transverse images of unenhanced T1-weighted volumetric interpolated breath-hold 

examination, T2-weighted turbo spin-echo, and diffusion-weighted imaging (DWI) depict the 

orthotopic tumor in the rat liver (arrows). Apparent diffusion coefficient (ADC), true

diffusion coefficient (D), pseudodiffusion coefficient (D*), and perfusion fraction (PF) values 

of tumors were measured by drawing a region of interest outlining the tumor border on the 

representative section with the largest cross-section of the tumor on each map. 



14

Parameters for drug efficacy and toxicity

Treatment effects were assessed through tumor volume changes and histopathologic 

analysis of tumors harvested after the two treatment sessions. To evaluate toxicity, body 

weight was serially measured at baseline and after the first and second treatments, and blood 

samples were obtained after the second treatment.

Histopathologic analysis

After euthanasia, rat livers were harvested. Transverse sections across the center of 

tumors were fixed in a 10% buffered formaldehyde solution and embedded in paraffin. Slides 

were stained with hematoxylin and eosin and terminal deoxynucleotidyl transferase dUTP 

nick-end labeling (TUNEL).

The necrosis fraction (%) was defined as the ratio of the necrotic area manually 

drawn on digitalized slides to the total tumor area and evaluated using software (ImageJ, 

version 1.51k). Normalized necrotic fractions were obtained by dividing the necrotic fraction 

by the tumor volume. Apoptotic cells were quantified using the TUNEL assay. Six random 

high-power fields (× 400) were obtained from each slide, avoiding areas of necrosis. The 

percentage of apoptotic cells was calculated by dividing the number of TUNEL-positive, 

brown-stained apoptotic cells by the total number of cells. Two researchers (H.K.Y. and H.R.)

independently and randomly calculated apoptotic cell fractions in three high-power fields, 

thus producing six values that were then averaged. The normalized apoptotic cell fraction was 

obtained by dividing the apoptotic cell fraction by tumor volume.

Statistical analysis

Changes in tumor volume and body weight from baseline to after completion of two

treatment sessions were compared in each group using the Wilcoxon test. Tumor growth 
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inhibition (%) in the two treated groups was determined using the following formula: 

where Tday10 = mean tumor volume of treated group at day 10, Tday-1 = mean tumor volume of 

treated at day -1, Cday10 = mean tumor volume of control at day 10, Cday-1 = mean tumor 

volume of control at day -1.

Intergroup differences in normalized necrotic fraction, apoptotic cell fraction, and 

blood laboratory values were analyzed using Kruskal-Wallis tests. When the results were 

significant, post-hoc Conover analyses were done. To assess the reproducibility of IVIM-

DWI parameters, coefficients of variation (CVs) were calculated for the seven randomly 

selected subjects. CVs of 10% or lower, 10% to 25%, and 25% or greater were considered to 

indicate good, moderate, and poor reproducibility, respectively [25]. Changes in IVIM-DWI 

and CEUS parameters from baseline to after the first treatment were compared using the

Wilcoxon test. Correlations between IVIM-DWI and CEUS parameters and between 

histopathologic parameters and IVIM-DWI or CEUS parameters were analyzed using the

Spearman rank test. A p-value of less than 0.05 was considered to indicate statistical 

significance. All statistical analyses were performed using MedCalc ver. 12.4.0.0.
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Results

A total of 28 orthotopic HCC model rats survived the experiment until completion 

and were included in G1 (n = 8), G2 (n = 7), G3 (n = 7), or G4 (n = 6). 

Tumor size change, necrosis, and apoptosis

Transverse tumor diameters and volumes from three-dimensional measurements at

each time point are shown in Table 2. The tumor volume curves of each group are shown in

Figure 5. In the control group, the tumor volume increased from 434.90 mm3 [263.60–

624.00] at baseline to 803.65 mm3 [358.00–3008.00] at day 10 without a statistically

significant difference (p = 0.156). Compared to the control group, tumor volume growth was 

inhibited by 48.4% (374.15 mm3 [197.15–678.80] at baseline and 442.75 mm3 [75.95–

896.85] after second treatment) in G1 and 90.2% (302.40 mm3 [224.55–422.10] at baseline 

and 77.20 mm3 [40.03–98.50] after second treatment) in G2.
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Table 2. Changes in tumor diameter and volume in each group

Group Dox-NP-MB

(n = 8)

Dox

(n = 7)

NP-MB

(n = 7)

Control

(n = 6)

Diameter at 

baseline (mm)

10.48

(8.55–11.39)

9.59

(7.78–9.99)

10.67

(7.54–13.64)

11.33

(9.29–12.57)

Diameter after 

first treatment 

(mm)

10.54

(9.56–11.89)

7.34

(6.01–12.28)

15.12

(6.94–18.33)

15.85

(13.40–18.39)

Diameter after 

second treatment 

(mm)

9.70

(6.65–13.11)

6.13

(4.55–7.62)

11.34

(4.18–20.62)

13.51

(10.20–20.38)

p-value 0.742 0.031 0.578 0.063

Volume at 

baseline (mm3)

374.15

(197.15–

678.80)

302.40

(224.55–

422.10)

392.00

(182.20–

923.65)

434.90

(263.60–

624.00)

Volume after first 

treatment (mm3)

499.55

(223.25–

774.70)

194.30

(127.95–

601.30)

1607.60

(127.33–

2733.95)

1488.85 

(736.30–

2223.40)

Volume after 

second treatment 

(mm3)

442.75

(75.95–896.85)

77.20

(40.03–98.50)

455.00

(36.18–

3188.45)

803.65

(358.00–

3008.00)

p-value 0.742 0.031 0.578 0.156

Note. — Dox = doxorubicin; Dox-NP-MB = doxorubicin-nanoparticle-microbubble; NP-MB 

= nanoparticle-microbubble.

Data are median values with interquartile ranges in parentheses. P-values were obtained from 

Wilcoxon signed-rank testing comparing baseline values with values obtained after the 

second treatment. Significant p-values less than 0.05 are highlighted in boldface.
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(A)

(B)

Figure 5. Tumor volume changes and apoptosis in each experimental group.

(A) The line graphs show the relative changes in tumor volume over time in each 

experimental group. Markers indicate mean values, and error bars show standard errors of the

mean. Compared to the control, tumor volume growth was inhibited by 48.4% in the Dox-

NP-MB group and 90.2% in the Dox group.
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(B) TUNEL-stained hotspots (×400) of tumors treated with either Dox-NP-MB or Dox show 

more brown-stained apoptotic cells than those administered either NP-MB or normal saline.

Dox = doxorubicin; Dox-NP-MB = doxorubicin-nanoparticle-microbubble; NP-MB = 

nanoparticle-microbubble; TUNEL = terminal deoxynucleotidyl transferase dUTP nick-end 

labeling.

Intergroup comparisons of normalized necrotic and apoptotic cell fractions of 

harvested tumors are shown in Table 3 and Figure 6. Normalized necrotic fractions tended to 

be higher in G1 and G2 than in G4 (52.66%/cm3 [16.76–121.59] in G1, 108.77%/cm3 [70.21–

646.22] in G2, and 55.92%/cm3 [10.95–102.24] in G4, p = 0.352). There were significant 

intergroup differences (p = 0.047) in normalized apoptotic cell fractions, with significantly 

higher fractions in G2 than in the other three groups (434.57%/cm3 [371.27–729.64] in G2, 

57.63%/cm3 [8.77–331.26] in G1, 67.85%/cm3 [5.85–730.14] in G3, and 38.29%/cm3 [12.75–

58.27] in G4).

Table 3. Intergroup comparisons of normalized necrotic and apoptotic cell fractions after 

the second treatment 

Group
Dox-NP-MB

(n = 8)

Dox

(n = 7)

NP-MB

(n = 7)

Control

(n = 6)

p-

value

Normalized 

necrotic fraction 

(%/cm3)

52.66

(16.76–121.59)

108.77

(70.21–646.22)

20.72

(7.88–79.03)

55.92

(10.95–102.24)
0.352

Normalized 

apoptotic cell 

fraction (%/cm3)

57.63

(8.77–331.26)

434.57

(371.27–729.64)

67.85

(5.85–730.14)

38.29

(12.75–58.27)
0.047

Note. — Dox = doxorubicin; Dox-NP-MB = doxorubicin-nanoparticle-microbubble; NP-MB 

= nanoparticle-microbubble.
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Data are median normalized necrotic fractions (%/cm3) or normalized apoptotic cell fractions 

(%/cm3) with interquartile ranges in parentheses. P-values were obtained from Kruskal-

Wallis testing, and p-values less than 0.05 are highlighted in boldface.

Body weight changes and laboratory test results

The relative change in body weight was significantly lower in G1 than in G2 (91.0%

[88.5–97.0] vs. 88.0% [82.5–88.8], p < 0.05 from post-hoc Conover analysis, Figure 6). 

Laboratory test results are shown in Table 4. White blood cell (WBC) counts (× 103 cells/uL) 

showed significant intergroup differences (1.75 [1.53–2.77] in G1, 1.20 [0.89–1.51] in G2, 

6.87 [4.29–10.62] in G3, and 7.59 [6.60–8.92] in G4, p < 0.001). Both G1 (p < 0.05 from 

post-hoc Conover analysis) and G2 (p < 0.05 from post-hoc Conover analysis) had 

significantly lower WBC counts than G3 and G4, with a significantly lower degree of 

leukopenia in G1 than in G2 (p < 0.05 from post-hoc Conover analysis) (Figure 6). Total 

protein and albumin levels were significantly decreased in G1 (total protein, 5.00 g/dL [4.90–

5.40]; albumin, 1.90 g/dL [1.70–1.90]) and G2 (total protein, 4.60 g/dL [4.60–4.75]; albumin, 

1.70 g/dL [1.28–1.88]) compared to G4 (total protein, 5.70 g/dL [5.50–5.80]; albumin, 2.20

g/dL [2.20–2.20]) (p < 0.05 from post-hoc Conover analysis). Degree of hypoproteinemia

relative to the control group was significantly less severe in G1 than in G2 (p < 0.05 from 

post-hoc Conover analysis). However, no significant difference was noted regarding the level 

of serum albumin between G1 and G2. Aspartate aminotransferase (AST) was significantly 

lower in G2 (125.00 U/L [93.50–141.75]) than in the other three groups (211.50 U/L 

[176.50–299.50] in G1, 248.00 U/L [171.75–440.75] in G3, and 240.00 U/L [190.00–274.00]

in G4) (p < 0.05 from post-hoc Conover analysis), and alanine aminotransferase (ALT) was 

significantly lower in G2 (58.00 U/L [53.00–64.00]) than in G1 (80.00 U/L [71.50–107.50])

or G3 (79.00 U/L [61.50–117.50]) (p < 0.05 from post-hoc Conover analysis).
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(A)

(B)
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(C)

(D)

Figure 6. Body weight changes, white blood cell counts, serum total protein, and albumin 

level in each experimental group.
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(A) The line graphs compare body weight changes in the four groups. Markers indicate mean 

values, and error bars show standard errors of the mean. Relative body weight change (%) is 

significantly lower in the Dox-NP-MB group than in the Dox group.

(B) The bar graphs compare white blood cell counts in the four groups after two treatment 

sessions. Bars show median values, and error bars show range. The degree of leukopenia is 

significantly lower in the Dox-NP-MB group than in the Dox group.

(C) The bar graphs compare serum total protein in the four groups after two treatment 

sessions. The degree of hypoproteinemia relative to the control group was significantly less 

severe in the Dox-NP-MB group than in the Dox group.

(D) The bar graphs compare serum albumin in the four groups after two treatment sessions.

Serum albumin level was significantly decreased in the Dox-NP-MB and Dox groups relative 

to the control group. No significant difference was noted between the Dox-NP-MB and Dox 

groups.

ns = p ≥ 0.05; * = p < 0.05; Dox = doxorubicin; Dox-NP-MB = doxorubicin-nanoparticle-

microbubble; NP-MB = nanoparticle-microbubble.

Table 4. Comparison of laboratory values in each experimental group after treatment

Dox-NP-MB

(n = 8)

Dox

(n = 7)

NP-MB

(n = 7)

Control

(n = 6)
P-value

WBC 

(×103

cells/uL)

1.75
(1.53–2.77)

1.20

(0.89–1.51)

6.87

(4.29–10.62)

7.59

(6.60–8.92)
< 0.001

RBC 

(×106

cells/uL)

8.65
(7.67–8.80)

7.60

(7.29–8.62)

8.01

(5.74–8.35)

8.11

(7.73–8.33)
0.319
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HGB 

(g/dL)

16.25

(14.80–16.55)

14.70

(14.15–16.40)

15.90

(11.38–17.03)

16.95

(15.50–17.30)
0.363

HCT (%)
50.65

(47.15–51.05)

45.80

(43.70–52.30)

49.10

(34.83–52.15)

52.45

(48.90–53.90)
0.236

MCV 

(fL)

58.95

(57.50–62.25)

58.50

(58.15–63.50)

64.40

(59.20–66.38)

63.55

(59.60–64.10)
0.127

MCH 

(pg)

18.95

(18.75–19.85)

19.10

(18.93–19.38)

20.80

(19.38–21.18)

20.20

(19.40–20.90)
0.074

MCHC 

(g/dL)

32.10

(31.80–32.95)

32.60

(32.25–32.93)

32.40

(32.13–32.75)

32.15

(31.80–32.50)
0.544

CHCM 

(g/dL)

32.10

(31.25–33.30)

32.70

(32.30–33.58)

31.80

(30.28–32.80)

31.90

(31.60–32.40)
0.271

RDW (%)
12.15

(11.80–12.60)

12.60

(12.45–13.25)

12.40

(11.93–13.05)

12.15

(12.00–12.20)
0.291

HDW 

(g/dL)

2.35

(2.23–2.43)

2.41

(2.33–2.70)

2.40

(2.16–2.49)

2.33

(2.20–2.48)
0.762

CH (pg)
18.90

(18.75–19.75)

19.50

(18.93–19.60)

19.60

(19.13–20.35)

20.15

(19.90–20.5)
0.165

CHDW

(pg)

2.56

(2.47–2.63)

2.58

(2.53–2.80)

2.63

(2.56–2.77)

2.66

(2.56–2.74)
0.317

PLT 

(×103

cells/uL)

991.50

(793.00–

1435.50)

651.00

(424.50–809.00)

864.00

(337.50–

1087.75)

790.50

(592.00–

1009.00)

0.148

MPV (fL)
7.10

(6.65–7.95)

7.40

(6.85–7.60)

7.80

(6.15–11.20)

7.15

(6.30–7.90)
0.898

PDW (%)
74.45

(63.50–96.15)

76.10

(68.05–89.98)

70.20

(64.90–99.50)

69.30

(62.70–80.00)
0.846

PCT (%)
0.76

(0.60–0.98)

0.48

(0.32–0.57)

0.63

(0.35–0.64)

0.59

(0.49–0.73)
0.078
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BUN 

(mg/dL)

20.15

(15.75–21.55)

20.90

(16.23–24.60)

17.30

(15.30–21.75)

19.50

(18.10–20.60)
0.815

CREA 

(mg/dL)

0.50

(0.42–0.57)

0.52

(0.32–0.60)

0.55

(0.51–0.61)

0.51

(0.40–0.68)
0.855

TP (g/dL)
5.00

(4.90–5.40)

4.60

(4.60–4.75)

5.10

(4.95–5.85)

5.70

(5.50–5.80)
0.002

ALB 

(g/dL)

1.90

(1.70–1.90)

1.70

(1.28–1.88)

2.10

(2.00–2.30)

2.20

(2.20–2.20)
0.002

T-BIL 

(mg/dL)

0.02

(0.01–0.04)

0.01

(0.00–0.02)

0.01

(0.00–0.02)

0.02

(0.01–0.03)
0.715

ALP 

(U/L)

581.00

(451.00–761.00)

774.00

(618.50–

1006.00)

774.00

(618.50–

1006.00)

614.50

(556.00–653.00)
0.545

AST 

(U/L)

211.50

(176.50–299.50)

125.00

(93.50–141.75)

248.00

(171.75–440.75)

240.00

(190.00–274.00)
0.011

ALT 

(U/L)

80.00

(71.50–107.50)

58.00

(53.00–64.00)

79.00

(61.50–117.50)

68.00

(64.00–95.00)
0.018

GGT 

(U/L)

3.00

(1.00–3.50)

1.00

(1.00–4.75)

1.00

(1.00–4.75)

1.00

(1.00–3.00)
0.419

CPK 

(U/L)

2651.500

(998.50–

4809.50)

3090.00

(1110.25–

4659.25)

1491.00

(957.75–

4422.50)

1722.50

(1562.00–

2009.00)

0.973

A/G
0.60

(0.50–0.65)

0.60

(0.43–0.60)

0.60

(0.60–0.70)

0.60

(0.60–0.70)
0.187

B/C
43.17

(37.31–45.83)

42.08

(40.33–57.83)

32.08

(27.10–40.49)

36.02

(28.82–48.50)
0.485

Note.— A/G = albumin to globulin ratio; ALB = albumin; ALP = alkaline phosphatase; ALT = 

alanine aminotransferase; AST = aspartate aminotransferase; B/C = blood urea nitrogen to 

creatinine ratio; BUN = blood urea nitrogen; CHCM = cell hemoglobin concentration mean; 
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CH = cell hemoglobin; CHDW = cell hemoglobin distribution width; CPK = creatinine 

phosphokinase; CREA = creatinine; GGT = gamma glutamyl transferase; HCT = hematocrit; 

HDW = hemoglobin distribution width; HGB = hemoglobin; MCH = mean corpuscular 

hemoglobin; MCHC = mean corpuscular hemoglobin concentration; MCV = mean corpuscular 

volume; MPV = mean platelet volume; PCT = plateletcrit; PDW = platelet distribution width; 

PLT = platelet; RBC = red blood cell; RDW = red cell distribution width; T-BIL = total bilirubin; 

TP = total protein; WBC = white blood cell.

Data are median values with interquartile ranges in parentheses. P-values were obtained from 

Kruskal-Wallis testing.

Therapeutic monitoring using CEUS and IVIM-DWI

Early changes in CEUS perfusion parameters

CEUS perfusion parameter values are shown in Table 5. G1 and G2 showed stable or 

significant decreases in perfusion status after the first treatment. PE, an amplitude-related 

parameter associated with the relative blood volume of tumors, did not significantly change

in G1 nor G2 (117.29 a.u. [60.31 a.u.–165.78 a.u.] vs. 124.21 a.u. [63.15 a.u.–163.55 a.u.], p 

= 0.844, in G1 and 111.75 a.u. [68.16 a.u.–152.82 a.u.] vs. 105.57 a.u. [55.04 a.u.–139.31 

a.u.], p = 0.938, in G2). mTTl was significantly prolonged after the first treatment in G2 

(159.85 seconds [73.29 seconds–419.51 seconds] vs. 427.65 seconds [424.57 seconds–520.61 

seconds], p = 0.047). WiR (=PE/RT) and WiPI (=WiAUC/RT), both parameters related to 

amplitude and time, remained stable in G1 and G2. On the contrary, PE, WiR, and WiPI 

significantly increased in G3 and G4 from Day 0 to Day 7 in both groups. Figure 7 illustrates

representative cases in G1 and G4.
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Table 5. CEUS perfusion parameters at baseline and after the first and second treatments 

in each group

CEUS 
perfusion 

parameters
PE (a.u.) WiAUC (a.u.) RT (s) mTTl (s) TTP (s) WiR (a.u.) WiPI (a.u.)

Dox-
NP-MB 
(n=8)

Baseline
117.29 
(60.31–
165.78)

932.83 
(732.05–
2,669.75)

28.16 
(10.64–
31.85)

452.78 
(244.94–
485.38)

29.54 
(11.61–
33.27)

13.16 
(5.51–
29.59)

86.67 
(44.46–
111.98)

Post-first 
treatment

124.21 
(63.15–
163.55)

1353.29 
(1,002.19–
2,977.50)

23.96 
(15.90–
31.11)

479.75 
(247.12–
492.68)

25.52 
(18.07–
32.86)

10.61 
(5.33–
16.40)

86.08 
(45.56–
112.89)

Post-
second 

treatment 
(n=7a)

127.89 
(48.36–
135.06)

1,180.00 
(703.99–
3,006.40)

23.93 
(15.82–
38.19)

468.78 
(311.60–
505.26)

24.45 
(17.47–
39.85)

7.41 (5.82–
14.10)

91.48 
(35.69–
97.36)

Pb 0.844 0.461 0.844 0.945 0.844 0.742 0.742

Pc 0.688 1 0.813 0.688 0.938 0.938 0.688

Dox 
(n=7)

Baseline
111.75 
(68.16–
152.82)

802.00 
(560.50–
2,407.50)

13.49 
(8.12–
23.23)

159.85 
(73.29–
419.51)

14.71 
(9.78–
25.98)

14.90 
(11.83–
19.93)

76.90 
(46.58–
107.50)

Post-first 
treatment

105.57 
(55.04–
139.31)

1,420.00 
(1,125.00–
1,936.76)

24.37 
(13.51–
43.04)

427.65 
(424.57–
520.61)

26.23 
(13.78–
45.16)

19.30 
(3.24–
30.23)

81.80 
(39.65–
106.00)

Post-
second 

treatment 
(n=6d)

199.00 
(171.89–
378.17)

3,575.00 
(346.00–
5,410.00)

24.44 
(8.40–
26.33)

336.42 
(171.89–
378.17)

27.16 
(8.78–
32.35)

13.75 
(0.74–

250.00)

136.50 
(9.68–

644.00)

Pb 0.938 0.688 0.078 0.047 0.156 0.688 1

Pc 0.219 0.156 0.688 0.031 0.844 1 0.313

NP-MB 
(n=7)

Baseline
66.22 

(52.85–
82.03)

772.32 
(533.96–
1,669.66)

17.40 
(14.22–
19.71)

274.75 
(174.00–
462.28)

18.37 
(15.40–
20.63)

8.24 (4.85–
14.35)

47 (37.28–
60.16)

Post-first 
treatment

145.99 
(118.84–
174.77)

2157.71 
(1,171.15–
2,382.62)

19.06 
(7.93–
20.39)

291.39 
(134.95–
465.45)

20.37 
(8.91–
21.99)

16.07 
(14.71–
53.22)

105.47 
(86.07–
128.06)

Post-
second 

treatment

171.00 
(90.25–
556.82)

2,169.67 
(1,467.91–
11,377.72)

20.33 
(12.48–
36.58)

239.00 
(215.69–
453.47)

22.87 
(13.85–
40.82)

25.50 
(7.15–
32.77)

118.00 
(62.18–
387.71)

Pb 0.031 0.063 0.219 0.438 0.219 0.031 0.031

Pc 0.813 0.688 0.156 1 0.219 0.688 0.813

Control 
(n=6)

Baseline
66.24 

(26.64–
175.48)

536.64 
(260.00–
1,146.07)

10.94 
(7.89–
16.05)

103.78 
(54.31–
198.73)

12.26 
(8.48–
16.45)

13.22 
(11.40–
16.15)

47.07 
(19.60–
121.11)

Post-first 
treatment

221.57 
(202.44–
501.52)

2,563.74 
(1,445.66–
3,667.75)

11.72 
(7.91–
24.33)

464.01 
(262.70–
529.51)

12.04 
(8.02–
25.41)

59.84 
(21.10–
172.26)

165.00 
(150.73–
377.76)

Post-
second 

treatment

136.08 
(65.31–
289.35)

1,815.44 
(1,268.91–
2,180.00)

20.09 
(9.67–
26.60)

294.72 
(37.20–
469.66)

21.36 
(11.91–
27.91)

14.79 
(5.73–
48.68)

97.91 
(47.71–
192.62)

Pb 0.031 0.031 0.563 0.031 0.844 0.031 0.031

Pc 0.438 0.563 0.438 0.563 0.438 0.438 0.438

Values are presented as median value of each parameter (interquartile range). P-values were 

obtained from the Wilcoxon signed-rank test, and P-values less than 0.05 are significant.

CEUS, contrast-enhanced ultrasound; Dox-NP-MB, doxorubicin-nanoparticle-microbubble; 

Dox, doxorubicin; NP-MB, nanoparticle-microbubble; PE, peak enhancement; a.u., arbitrary 
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unit; WiAUC, wash-in area under the curve; RT, rise time; mTTl, mean transit time local;

TTP, time-to-peak; WiR, wash-in rate; WiPI, wash-in perfusion index.

a Parameters could not be obtained after the second treatment in one rat from this group because 

of inadequate tumor contrast enhancement, b Comparison of parameters between baseline and 

after the first treatment, c Comparison of parameters between after the first treatment and after 

the second treatment, d Parameters could not be obtained after the second treatment in one rat 

from this group because of inadequate tumor contrast enhancement.

(A)

(B)



29

Figure 7. Early changes in CEUS perfusion parameters in rats assigned to the Dox-NP-

MB or control groups.

A region of interest (ROI) is drawn along the margin of the tumor. A parametric map of peak 

enhancement (PE) overlaying the contrast-enhanced image and time-intensity curve (TIC) of 

the ROI was obtained.

(A) In the rat administered Dox-NP-MB, the TIC demonstrates decreases in peak and slope 

compared to baseline. The PE decreased from 175.33 a.u. to 98.53 a.u., and the rising time 

(RT) increased from 5.66 seconds to 11.67 seconds after the first treatment.

(B) On the contrary, in the control rat administered normal saline, the TIC shows increases in 

peak and slope compared to baseline. The PE was increased from 179.28 a.u. to 940.64 a.u., 

and the RT was increased from 9.46 seconds to 2.30 seconds.

CEUS = contrast-enhanced ultrasound; Dox-NP-MB = doxorubicin-nanoparticle-

microbubble; PE = peak enhancement; ROI = region of interest; RT = rising time; TIC = 

time-intensity curve.

Early changes in IVIM-DWI parameters

IVIM-DWI parameter values are provided in Table 6. Compared to baseline, G1 and 

G2 showed significant increases after the first treatment in ADC (10-6 mm2/sec) (623.29

[606.03–656.78] vs. 1028.62 [863.14–1232.36], p = 0.008 in G1 and 662.70 [636.52–730.23] 

vs. 1053.67 [981.90–1405.77], p = 0.016 in G2); D (10-6 mm2/sec) (589.70 [557.50–618.85] 

vs. 961.00 [779.05–1192.59], p = 0.008 in G1 and 603.21 [535.06–660.57] vs. 973.88 

[920.53–1308.90], p = 0.016 in G2); and PF (10-1 %) (76.45 [67.83–88.45] vs. 110.94

[107.14–145.12], p = 0.008 in G1 and 100.96 [90.69–120.57] vs. 150.45 [126.03–162.36], p

= 0.047 in G2) No IVIM-DWI parameters had significant changes after the first treatment in 

G3 or in G4 compared to baseline. Figure 8 illustrates representative cases in G1 and G4.
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IVIM-DWI parameters showed good to moderate reproducibility, with mean within-subject 

CV of 6% for ADC, 7% for D, 17% for D*, and 25% for PF.
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Table 6. IVIM-DWI parameters at baseline and after first and second treatments in each 

group

IVIM-DWI 
parameters

ADC (10-6 mm2/s) D (10-6 mm2/s) D* (10-5 mm2/s) PF (10-1 %)

Dox-NP-
MB (n=8)

Baseline 623.29 (606.03–656.78) 589.70 (557.50–618.85) 370.77 (310.52–437.39) 76.45 (67.83–88.45)

Post-first 
treatment

1028.62 (863.14–
1,232.36)

961.00 (779.05–
1,192.59)

388.59 (345.47–571.65) 110.94 (107.14–145.12)

Post-second 
treatment

813.06 (785.81–
1,035.55)

751.05 (733.02–952.12) 438.64 (340.85–501.90) 105.87 (98.71–134.45)

Pa) 0.008 0.008 0.313 0.008

Pb) 0.008 0.008 0.641 0.742

Dox 
(n=7)

Baseline 662.70 (636.52–730.23) 603.21 (535.06–660.57) 459.45 (401.63–511.92) 100.96 (90.69–120.57)

Post-first 
treatment

1,053.67 (981.90–
1,405.77)

973.88 (920.53–
1,308.90)

453.58 (339.04–662.06) 150.45 (126.03–162.36)

Post-second 
treatment

1,015.16 (948.41–
1,348.03)

944.68 (800.76–
1,168.66)

486.49 (300.93–683.07) 190.43 (120.11–212.79)

Pa 0.016 0.016 0.813 0.047

Pb 0.938 0.938 1 0.109

NP-MB 
(n=7)

Baseline 681.81 (674.35–726.76) 631.23 (597.68–674,95) 458.95 (346.78–681.83) 101.55 (92.97–120.57)

Post-first 
treatment

815.14 (753.99–992.78) 730.26 (672.87–807.10) 379.12 (350.17–506.65) 116.97 (104.28–129.29)

Post-second 
treatment

857.79 (781.32–886.73) 755.95 (713.78–860.12) 323.70 (318.75–562.98) 92.15 (86.15–116.31)

Pa 0.078 0.109 0.938 0.375

Pb 0.938 0.578 0.813 0.219

Control 
(n=6)

Baseline 639.08 (586.89–655.31) 578.35 (506.05–608.67) 322.03 (304.08–328.00) 87.85 (74.23–95.76)

Post-first 
treatment

744.91 (688.40–789.27) 692.53 (624.47–702.42) 392.38 (332.30–667.20) 97.45 (92.57–117.81)

Post-second 
treatment

862.81 (759.25–931.20) 804.07 (723.81–887.72) 411.36 (318.47–497.87) 99.43 (88.52–106.96)

Pa 0.094 0.156 0.156 0.156

Pb 0.219 0.438 0.688 0.438

Values are presented as median values of each parameter (interquartile ranges). P-values were 

obtained from the Wilcoxon signed-rank test, and P-values less than 0.05 are significant.

IVIM, intravoxel incoherent motion; DWI, diffusion-weighted magnetic resonance imaging; 

Dox-NP-MB, doxorubicin-nanoparticle-microbubble; Dox, doxorubicin; NP-MB, 

nanoparticle-microbubble; ADC, apparent diffusion coefficient; D, true diffusion coefficient; 

D*, pseudodiffusion coefficient; PF, perfusion fraction.

a Comparison of parameters between baseline and after the first treatment; b Comparison of 

parameters between after the first treatment and after the second treatment. 
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(A)

(B)

Figure 8. Early changes in IVIM-DWI parameters in rats assigned to the Dox-NP-MB or 

control groups.

Each arrow denotes a tumor in the liver.

(A) In the rat administered Dox-NP-MB, the tumor appears brighter on the ADC and D maps 

after the first treatment compared to baseline. The ADC value (10-6 mm2/sec) increased from 

628.03 to 1166.57, and the D value (10-6 mm2/sec) increased from 598.48 to 1179.33 after the

first treatment.

(B) On the contrary, in the control rat administered normal saline, the tumor appears dark on 

the ADC and D maps after the first treatment, similar to baseline. In this rat, the ADC value 

(10-6 mm2/sec) was 686.83 at baseline and 688.40 after the first treatment, while the D value 

(10-6 mm2/sec) was 646.64 at baseline and 624.47 after the first treatment. 
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ADC = apparent diffusion coefficient; D = true diffusion coefficient; Dox-NP-MB = 

doxorubicin-nanoparticle-microbubble; IVIM-DWI = intravoxel incoherent motion diffusion-

weighted magnetic resonance imaging.

Correlation between histopathologic parameters and IVIM-DWI or CEUS parameters after 

the second treatment

These results are shown in Table 7. ADC (r=0.539, p=0.003 for normalized necrotic 

fraction and r=0.653, p=0.000 for apoptotic cell fractions), D (r=0.471, p=0.012 for 

normalized necrotic fraction and r=0.608, p=0.001 for apoptotic cell fractions), and PF

(r=0.521, p=0.005 for normalized necrotic fraction and r=0.544, p=0.003 for apoptotic cell 

fractions) showed significant positive correlations with both normalized necrotic and 

apoptotic cell fractions. mTTl showed a significant negative correlation with normalized 

apoptotic cell fraction (r=-0.396, p=0.045). Other CEUS parameters did not show significant 

correlation with histopathologic parameters.

Table 7. Correlations between histopathologic parameters and IVIM-DWI or CEUS 

parameters after second treatment

Histopathologic 

parameters

Post

Second

treatment

IVIM-DWI or

CEUS parameters

Normalized necrotic fraction 

(%/cm3)

Normalized apoptotic cell 

fraction (%/cm3)
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r p n r p n

ADC (10-6 mm2/sec) 0.539 0.003 28 0.653 0.000 28

D (10-6 mm2/sec) 0.471 0.012 28 0.608 0.001 28

D* (10-5 mm2/sec) -0.070 0.723 28 0.273 0.160 28

PF (%) 0.521 0.005 28 0.544 0.003 28

PE (au)a -0.061 0.769 26 -0.182 0.373 26

WiAUC (au)a -0.277 0.171 26 -0.257 0.204 26

RT (s)a -0.242 0.234 26 -0.154 0.452 26

mTTl (s) a -0.307 0.127 26 -0.396 0.045 26

TTP (s) a -0.225 0.269 26 0.082 0.692 26

WiR (au) a 0.004 0.986 26 -0.189 0.355 26

WiPI (au) a -0.065 0.754 26 -0.186 0.364 26

Note.— ADC = apparent diffusion coefficient; CEUS = contrast-enhanced ultrasound; D = true 

diffusion coefficient; D* = pseudodiffusion coefficient; DWI = diffusion-weighted magnetic 

resonance imaging; IVIM = intravoxel incoherent motion; mTTl = mean transit time local; PE 

= peak enhancement; PF = perfusion fraction; RT = rise time; TTP = time to peak; WiAUC = 

wash-in area under the curve; WiPI = wash-in perfusion index; WiR = wash-in rate. 

Data are Spearman’s coefficient rank correlations (rho), and p-values were obtained from 

Spearman rank correlation testing. Statistically significant correlation coefficients (p < 0.05) 

are highlighted in boldface.

a In two rats, CEUS perfusion parameters could not be obtained.
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Discussion

Our study demonstrated reduced drug toxicity of Dox-NP-MB and early treatment-

related changes in CEUS and IVIM-DWI quantitative parameters in treated rats. Rats 

treated with Dox-NP-MB showed reduced body weight loss, leukopenia, and 

hypoproteinemia compared to those treated with Dox alone. Treatment effects were

reflected in early-stage suppression of PE, WiR, and WiPI and increase of ADC and D 

values.

The main mechanisms of action for doxorubicin include intercalation into DNA, 

inhibition of topoisomerase II, and generation of reactive oxygen species, inducing 

apoptosis [26,27]. In our experiments, the Dox-NP-MP group demonstrated tumor 

growth suppression, with lower degrees of body weight loss, and leukopenia than the 

systemic Dox therapy group. Therefore, Dox-NP-MB usage may enhance Dox safety, 

particularly since myelosuppression and resultant increases in infection risk are common 

side effects of this agent [28]. Additionally, degree of decrease in serum protein level 

relative to the control group was less severe in Dox-NP-MB group than the Dox group. 

Renal injury has been reported to occur as a part of the toxic syndrome induced by Dox

[29]. Intravenous administration of Dox in rats induces a nephrotic syndrome, 

characterized by proteinuria, albuminuria, hypoalbuminemia and hyperlipidemia [30,31]

which histologically resembles focal segmental glomerulosclerosis [32,33].

Ultrasound can enhance drug delivery by thermal or mechanical action [34]. 

Therapeutic application of ultrasound via thermal action was suggested in a recent 

human trial [35]. In the trial, patients with refractory liver tumors received infusion of 

lyso-thermosensitive liposomal doxorubicin and were exposed to focused ultrasound to 

induce mild hyperthermia. The treatment resulted in increase of intratumoral biopsy Dox
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concentrations [35]. In our study, via mechanical action of ultrasound, i.e., sonoporation, we 

aimed to increase intratumoral Dox concentration while reducing the amount of systemically 

circulating Dox. When the efficacy of our Dox-NP-MB is supplemented in the future, we 

expect that Dox-NP-MB will function as a therapeutic agent with lower side effects. While 

our Dox-NP-MB therapy belongs to the category of locoregional therapy which are defined 

as imaging-guided liver tumor-directed procedures [36], we suppose that it can be attempted 

in the palliative setting to suppress the tumor progression and minimize the side effects. In 

addition, Dox-NP-MB can be applied to the cases for which transarterial chemoembolization

(TACE) is not effective, e.g., non-hypervascular HCCs with decreased portal supplies and 

insufficient neovascularization [37]; which easily become refractory to TACE, e.g., HCCs 

with tumor burden beyond the up-to-seven criteria [38]; or which showed TACE-

refractoriness [39,40].

There has been increasing interest in the use of quantitative CEUS to monitor treated

liver tumors. Size alone may often be insufficient to assess the treatment response of HCCs 

because they can undergo necrosis without a decrease in diameter—a limitation 

acknowledged in the modified Response Evaluation Criteria in Solid Tumors (RECIST) for 

HCC [41]. In our study, early increases in PE, WiR, and WiPI were more suppressed in Dox-

treated groups than non-Dox-treated groups. PE reflects the quantity of MBs in vascular beds 

of the lesion, and WiR reflects early flow quantity and velocity during contrast agent 

perfusion. These parameters are associated with the degree of vascularization [42]. Therefore, 

we suppose that vascularization suppression during the early stages of Dox treatment was 

reflected in CEUS parameter changes.

In IVIM-DWI, ADC and D values were significantly increased in the early stages of 

treatment in the two Dox-treated groups. Also, ADC and D values after the second treatment 
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were positively correlated with normalized necrotic and apoptotic cell fractions of 

harvested tumors. These findings are consistent with previous studies demonstrating that 

DWI is suitable for early treatment response evaluation because it can detect cellularity 

losses stemming from therapy-induced necrosis through increased ADC values [43-45].

However, the D* value did not show significant changes in any study group.

Besides, the PF value increased in the early stages of treatment in the two Dox-treated 

groups, which is difficult to explain. Inconsistent changes in D* and PF values were 

reported in another study [46] as well. In the study, after transarterial 

chemoembolization was done for HCCs, the ADC and D values of the tumors

significantly increased; the D* value decreased significantly, and the PF value did not 

change significantly. The reason for the inconsistent changes in D* and PF values may 

be that they represent different aspects of perfusion [47]. The former is mainly related to 

the capillary velocity of local tissues, while the latter is related to the blood volume of 

local tissues [47]. In addition, IVIM does not only refer to blood microcirculation 

because it is sensitive to any fluid flow, not only blood, as long as there is an intravoxel 

distribution [48]. Therefore, there is a need for cautious interpretation of D* and PF 

values and further related research.

Our study had several limitations. First, although tumor volume growth was 

successfully inhibited in the Dox-NP-MB group, the efficacy was not as high as in the 

Dox group. Therefore, further research to enhance the drug efficacy of Dox-NP-MB 

should be conducted. One possible explanation is that the acoustic energy used in our 

experiment might have not been most optimized in terms of level. Acoustic energy 

requirements for sonoporation are still disputed [49]: some researchers claim higher-

energy acoustics should be used to elicit inertial cavitation and sonoporation for drug 
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uptake while others demonstrated effective sonoporation using lower energy relying on more 

stable cavitation. The optimal level may be dependent upon the application, target tissue 

perfusion, and drug to be delivered and therefore further adjustment may be needed. Of note, 

our sonication methods were based on the previous literatures and did not include visual 

monitoring of pore formation during sonication. Further studies directly observing the pore 

formation via scanning electron microscopy, atomic force microscopy, transmission electron 

microscopy, or confocal fluorescence microscopy [50] may help determining the optimal 

energy level. Another possible explanation is that it may require a longer time than 11 days 

for Dox-NP-MB to show its efficacy considering that free Dox may become slowly released 

from Dox-NP-MB. Measuring the concentrations of Dox within the hepatic tumors and 

plasma may provide relevant data. Second, Dox has a primarily cytotoxic versus 

antiangiogenic mechanism of action. However, our data suggest that decreased tumor 

perfusion can also be successfully identified during cytotoxic treatment with quantitative 

CEUS, presumably due to post-treatment necrosis. Further related studies comparing 

bevacizumab or sorafenib to Dox will help distinguish changes induced by antiangiogenic

versus cytotoxic effects. In conclusion, Dox-NP-MB demonstrated reduced toxicity 

compared to Dox alone in this orthotopic HCC rat model. Changes in PE, WiR, and WiPI on

CEUS and ADC and D on IVIM-DWI suggest these variables may serve as early biomarkers 

of treatment response. We expect that our Dox-NP-MB will function as a therapeutic agent

with lower side effects in the future when the efficacy is supplemented.
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국문 초록

서론: 쥐 동소성 간암 모델에 독소루비신-나노입자-미세기포 치료를 시행하고 치료 반

응 평가 시 조영증강초음파와 복셀 내 화소결집 운동 확산 강조 자기공명 영상의 유용성

을 평가하고자 한다.

방법: 쥐 N1S1 간암 모델 28마리에 대해 0일과 7일에 독소루비신-나노입자-미세기포

(1군, 8마리), 독소루비신 (2군, 7마리), 나노입자 (3군, 7마리), 또는 생리식염수 (4군, 

대조군, 6마리) 치료를 하고 11일에 희생했다. 각 치료 전과 희생 전 복셀 내 화소결집

운동 확산 강조 자기공명 영상검사와 조영증강초음파검사를 시행했다. 치료 효능은 대조

군 대비 종양 부피 성장 저해 비율로 추산했다. 치료 독성은 체중 변화와 혈액 검사 결

과로 평가했다. 복셀 내 화소결집 운동 확산 강조 자기공명영상과 조영증가초음파 매개

변수의 치료 후 변화를 분석했다.

결과: 4군 대비 1군과 2군은 종양 부피 성장이 각각 48.4%, 90.2% 저해되었다. 2군에

비해 1군이 체중 변화 (중간값, 91.0% [사분위수 범위, 88.5–97.0] 대 88.0% [82.5–

88.8], 유의확률<0.05), 백혈구감소증 (1.75 × 103 세포/uL [1.53–2.77] 대 1.20 ×

103 세포/uL [0.89–1.51], 유의확률<0.05), 그리고 저단백질혈증 (5.00 g/dL [4.90–

5.40] 대 4.60 g/dL [4.60–4.75], 유의확률<0.05) 정도가 유의하게 낮았다. 첫 치료 후

3군과 4군에서는 조영증강초음파 상 최고 조영증강 값, 조영증강 속도, 조영증강 관류

지수가 상승했으나 1군과 2군에서는 이들 상승이 억제되었다. 또한 1군과 2군에서는 치

료 전에 비해 치료 후 복셀 내 화소결집 운동 확산 강조 자기공명영상의 현성 확산 계

수, 진성 확산 계수, 관류 분율이 유의하게 상승했다 (유의확률<0.05).

결론: 독소루비신-나노입자-미세기포 치료는 독소루비신 치료에 비해 치료 독성이 낮았

다. 몇 가지 조영증강초음파와 복셀 내 화소결집 운동 확산 강조 자기공명 영상 매개변

수들의 조기 변화가 치료 효과와 연관이 있었다.
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